This study analyzed the top 1% 24-hour rainfall events from 1994 to 2013 at eight climatological sites that represent the east to west precipitation gradient across the Arkansas-Red River Basin in North America. A total of 131 cases were identified and subsequently classified on the synoptic-scale, mesoscale, and local-scale to compile a climatological analysis of these extreme, heavy rainfall events based on atmospheric forcings. For each location, the prominent midtropospheric pattern, mesoscale feature, and predetermined thermodynamic variables were used to classify each 1% rainfall event. Individual events were then compared with other cases throughout the basin. The most profound results were that the magnitudes of the thermodynamic variables such as convective available potential energy and precipitable water values were poor predictors of the amount of rainfall produced in these extreme events. Further, the mesoscale forcings had more of an impact during the warm season and for the westernmost locations, whereas synoptic forcings were extremely prevalent during the cold season at the easternmost locations in the basin. The implications of this research are aimed at improving the forecasting of heavy precipitation at individual weather forecasts offices within the basin through the identified patterns at various scales.
Introduction
In the United States, flash flooding is the most deadly natural hazard with an average of 89 deaths per year and $8.2 billion in damages. In comparison, approximately 60 people die from tornadoes each year [1, 2] . Not only is flash flooding difficult to forecast, but it is often overlooked as a life-threatening event [3] . To the average person, heavy or extreme rainfall events are usually synonymous with flash flooding. Unfortunately, no set method for quantitatively classifying a rain event as a flash flood exists and it is subjective to the geographic location and type of event.
Flash flooding causes strong flows in rivers, creeks, and other waterways [4] usually created by extreme rainfall with high rainfall rates associated with convection [5] [6] [7] . Doswell et al. [3] state that an ingredient for flash flooding is heavy precipitation (where the rainfall rate is the highest for the longest period of time). However, many other factors contribute to flash flooding such as the characteristics of the land on which the rain falls and surface runoff occurs (area, length, slope, shape, type of soil, and vegetation) and antecedent conditions of the land [5] [6] [7] . Intense rainfall occurring on saturated soils leads to higher runoff production and the risk of flash flooding increases [8] . The urbanization of land can also enhance runoff by covering natural soils with impermeable surfaces. Similarly, land impacted by wildfires will have enhanced runoff since the vegetation that has been removed no longer intercepts rainfall [5, 6, 8, 9] . The topography of the land on which rain falls determines the streamflow of the runoff and it has been found that the slope of the region enhances rapid concentration of streamflow. As a basin's steepness decreases, it is observed that the basin area increases [5] . Flash flooding is not always caused by heavy rainfall but knowledge of the spatial and temporal distribution of heavy rainfall can lead to an improvement in the forecasting of flash floods [11] . Funk [12] discusses the importance of pattern recognition skills in forecasting heavy precipitation and the significance of being able to recall past heavy rainfall events along with the synoptic and mesoscale environments. With flash flood frequency expected to increase in the future due to climate change [7, 13, 14] , it is important to examine the causes of flash floods, especially extreme rainfall events. Multiple studies have examined flash flood forecasting as well as the characteristics of extreme rainfall events. Maddox et al. [15] investigated flash flooding events and outlined characteristics of different types of events that cause heavy rainfall. Similarly, Schumacher and Johnson [16] and S. T. Ashley and W. S. Ashley [17] classified meteorological conditions that produced heavy rainfall as mesoscale convective systems (MCS), a synoptic system, or a tropical system based on radar reflectivity. Further, Schumacher and Johnson [16] classified the type of MCS as either training line/adjoining stratiform or backbuilding/quasi-stationary [18] . Doswell et al. [3] examined the ingredients of flash flooding and the storm type in each event. The authors focused on specific case studies beginning with the day preceding the event and examined the 500 mb maps, isentropic analyses, and atmospheric profiles to determine a "nonevent" day versus an "event" day [3] . Taking these past studies into account, a methodology was formed to classify an extreme rainfall event from the synoptic-scale to the local-scale.
It is important to determine the atmospheric characteristics that work together to produce an environment conducive to the production of a heavy rainfall event. Using ensemble forecasts, Schumacher [19] analyzed the factors leading to the development of a warm season heavy rain event. The authors found that small changes in atmospheric factors, such as wind shear, played a significant role in producing large quantities of rain and how small variations in parameters can produce much different results than were expected.
Due to the spatial and temporal variability of heavy precipitation in the Great Plains region of the United States, the purpose of this study was to determine the synoptic and mesoscale forcings that drive heavy rainfall events in the region. Further, this study focused on the Arkansas-Red River Basin due to (1) the strong annual precipitation gradient that rapidly decreases from east to west and is orthogonal to the temperature gradient over a relatively small area ( Figures  1 and 2 ) and (2) the abundance of available in situ and National Weather Service, ABRFC, Tulsa, OK Figure 2 : The Arkansas-Red River Basin. Image from the National Weather Service River Forecast Center: Arkansas-Red Basin [20] .
radar observations across the domain. The results filtered by location, classification of atmospheric forcing, and annual variation are critical for improving forecasting of heavy rainfall and overall flood preparedness throughout the basin. Not only will these results help improve daily forecasting accuracy, but also they will improve climatological forecasts, which have countless socioeconomic implications [11] .
Further, these heavy rainfall events play an important role in the southern Great Plains water budget as well as in influencing agriculture and ecosystem structure [21, 22] . It was documented that along regional precipitation gradients similar to that found in the Arkansas-Red River Basin, trace gases fluxes [23] and decomposition of organic matter [24] vary in response to the gradient. Both of these processes impact the plant life and ecosystems that can be supported in the area. The thriving agriculture found along this precipitation gradient supports a positive feedback to precipitating weather systems propagating over the southern Great Plains. Enhanced areas of evapotranspiration provide moisture in the low levels of the atmosphere which acts to strengthen convective storms, especially in the western locations of the basin such as Amarillo, TX [25] . In contrast, a lack of precipitation reduces soil moisture values, thus reducing possible evapotranspiration by agriculture. This positive feedback mechanism works similarly to years with enhanced precipitation but instead will produce regional drought [26] [27] [28] . An example of this positive feedback drought mechanism was seen in the Arkansas-Red River Basin in the summer of 1998 due partly to anomalously low soil moisture values which enhanced the dryness in the area [29] .
Data and Methodology
Eight locations were chosen to represent the north, south, east, and west boundaries and the central portion of the Arkansas-Red River Basin: Ft. Smith, AR; Tulsa, OK; Wichita, KS; Oklahoma City, OK; Wichita Falls, TX; Dodge City, KS; Amarillo, TX; and Colorado Springs, CO. The study length spanning 1994 to 2013 was chosen to include adequate WSR-88D radar data coverage across the basin. Using the 24-hour precipitation data from the Global Historical Climatology Network-(GHCN-) Daily dataset, the top 1% of rainfall events were determined using days that had measureable precipitation [30] . Annual rainfall accumulations for the period of the study were created to visualize the occurrence of rainfall within the basin at each location and to find any noticeable trends in time of high rainfall accumulations between the different years ( Figure 3 ). Using the top 1% of rainfall events allowed for the study encompassing truly "extreme" rainfall events. It is important to note that Dodge City had a single 1% precipitation event that occurred from November to March that was excluded because it was a freezing rain event and this study focuses solely on entirely liquid precipitation.
To further investigate each case, the forecast funnel approach was utilized to examine each event at the synopticscale and then the mesoscale and finally on the local-scale, similar to a method used by S. T. Ashley and W. S. Ashley [17] . The North American Regional Reanalysis (NARR) was used due to its reputation and use for identifying precipitation patterns in the United States [31] . Using the NARR, a 5-day window leading up the 1% rainfall date was viewed in order to determine the synoptic pattern at 500 mb for each case. The classifications on the synoptic-scale, as well as the mesoscale, were inspired by a combination of the classifications used in studies from Doswell et al. [3] , Maddox et al. [15] , and Schumacher and Johnson [16] . Synoptic classifications determined for the cases included the following: positively tilted trough, neutrally tilted trough, negatively tilted trough, short wave, ridge, and tropical influence. Mesoscale classifications were determined via in situ and radar observations. The mesoscale classifications included the following: mesoscale convective system (MCS), stratiform rain, convection forming along a frontal or outflow boundary (does not include MCS type of events), and disorganized convection. It is important to note that an event may fall into multiple mesoscale classifications but, for consistency, the classification most prominent for the entire event was chosen.
To examine the local-scale, archived soundings were gathered for the day of each rainfall event. The sounding location (Table 1) was determined by proximity and by comparing the sounding location and the station location to a precipitable water climatology map [32] . From these soundings, variables were collected including precipitable water (PWater), convective available potential energy (CAPE), lifted condensation level (LCL), freezing level, mixed level mixing ratio (MLMR), −10 ∘ C level, warm cloud depth (WCD), and -Index. The vertical wind profiles, along with archived maps from the Storm Prediction Center and the NARR, were used to determine if the low-level jet was present or not [33] . For Tulsa, OK, soundings from Norman, OK, and Springfield, MO, were both used due to the fact that the sounding locations are equidistant from the Tulsa site and because Tulsa lies along the gradient of the PWater climatology map for a portion of the year. The range and average of each variable were then determined for the 1% rainfall cases at each location. These values were analyzed at each location and compared to the other study locations within the basin to determine any trends or patterns within the 1% rainfall events.
To better understand the in-depth methodology used in this research, an ideal case was chosen and analyzed using the methodology described in this section: September 12, 2008, at Wichita, KS. This event yielded the greatest 24-hour rainfall value for the study period in the basin (261.9 mm of rainfall) and exceeded the next highest rainfall event by nearly 100 mm. Beginning with the synoptic-scale classification, the NARR data was used to analyze the 5-day window leading up to the event. From the reanalysis, it was determined that the 500 mb pattern for this event was a positively tilted trough (Figure 4(a) ). The NARR also identified the location and influence of the southern Great Plains low-level jet (LLJ) at 850 mb due to its prevalence and ability to transport moisture from April to September (Figure 4 (b)) [34, 35] . Archived radar data was then used to classify the event type on the mesoscale. The positively tilted trough and moisture advection from the south resulted in a large area of stratiform rain training over Wichita for much of the day (Figure 4(c) ). Finally, the near-event sounding data was gathered and analyzed in order to understand Table 2 ). The sounding measured a PWater value of 43.18 mm, which statistically lies between the 99th percentile and maximum value for climatology during this time of year. The WCD of 438.2 mb was the deepest of any case at this location, which consequently resulted in the lowest LCL, highest freezing level, and highest −10 ∘ C level at 888.2 mb, 570 mb, and 450 mb, respectively.
Results
Due to the significant precipitation gradient across the Arkansas-Red River Basin, the variability of precipitation processes within this region is high. The synoptic conditions at 500 mb were analyzed leading up to the date of the rainfall events identified in this study (Table 3 ). The most prominent pattern at 500 mb was the positively tilted trough which was consistent with the findings of Smith and Younkin [36] . However, the number of cases with this pattern was not 6
Advances in Meteorology expected. For Ft. Smith, Wichita, Oklahoma City, Dodge City, and Amarillo, the positively tilted trough was the dominant synoptic pattern. Statistically, 40% of all events within the entire basin exhibited this 500 mb pattern. For the Tulsa and Wichita Falls sites, the short wave classification was the main synoptic pattern while the most prominent pattern at Colorado Springs was a ridging pattern. The latter result is consistent with the findings of Maddox et al. [15] but could also be due to its western location in the basin and higher elevation. Overall, the ridge pattern discussed in Maddox et al. [15] yielded 18% of the rainfall events within the basin (Table 4) . Finally, the southernmost and eastern sites included only limited 1% events associated with tropical cyclone impacts, contributing to 3% of all cases in the basin. The mesoscale classifications determined for each site are displayed in Table 5 . Throughout the basin, nearly 50% of the rainfall events were classified as MCS. As such, the MCS classification was the most prominent mesoscale feature in the basin. Additionally, approximately 30% of the events were classified as stratiform rain events (Table 6) . Further, nearly all the cold season (November-February) events at Ft. Smith, Tulsa, and Wichita were stratiform events. All locations that yielded MCS as the primary mesoscale classification exhibited stratiform rain as the second most prominent radar-indicated feature, which typically trailed the leading convective line or MCS. The only locations that did not have MCS as the most prominent mesoscale feature were Ft. Smith (stratiform) and Amarillo (disorganized).
Data collected from the proximity soundings for each location were also analyzed. Figure 5 displays the results of the eight locations within the basin compared to variables found from soundings. For example, Figure 5 (a) plots the magnitude of the rainfall compared with the time of year the rainfall event occurred. The largest number of 1% rainfall events occurred from April to October. The events that occurred from November to March were mainly stratiform events located in the easternmost part of the basin (Table 7) . Figure 5 (b) displays the magnitude of the rainfall compared with the PWater values collected from the sounding data. Overall, the locations to the west, as well as locations with higher station elevation, had reduced PWater values while locations in the eastern part of the basin with lower elevations had greater PWater values. Further, while most of the rainfall events had a magnitude between 50 and 100 mm despite an increase in PWater values, the overall relationship between the magnitude of the PWater and event magnitude was only weakly positive. Additionally, the sites located in the eastern portion of the basin had a larger range of PWater values while the cities to the west had a much smaller range. When the magnitude of the rainfall events was compared to the CAPE ( Figure 5(c) ), the results yielded that most events had CAPE values less than 1000 J/kg. The magnitude of the rainfall compared to the MLMR ( Figure 5(d) ) behaved similarly to PWater in that the sites to the west yielded lower values per event while sites to the east had higher values with more variability. However, all values within the basin ranged between 5 and 20 g/kg. Figure 5 (e) displays the magnitude of the rainfall compared to the WCD, and again, in general, the locations to the west and with higher elevations had the lowest cloud depths while the locations to the east and with lower elevations had larger depths. In the central part of the basin, the range of cloud depths was small, similar to locations to the west, but the magnitudes were higher similar to the locations in the east (Table 8) . When the magnitude of rainfall was compared to the freezing level ( Figure 5(f) ), the majority of the rainfall events had a freezing level between 575 mb and 650 mb. Further, the average freezing level for the entire basin was at 614.7 mb with limited variance in the average between the eastern and western portions of the basin. The range of values for the freezing level was also consistent throughout the basin (Table 8 ).
Discussion
Comparing the PWater values to the PWater climatology [37] , approximately 86% of the events were above the 75th percentile on the PWater climatology with less than 3% being under the 50th percentile (Table 9 ). These events under the 50th percentile demonstrate that the magnitude of the rainfall event is not a function of the magnitude of PWater as was expected but a range of complex precipitation processes. Even so, extreme anomalies of PWater (greater than the 99th percentile) were associated with over 25% of the event cases.
The Arkansas-Red River Basin proved to be a unique area in its variation of precipitation. The important zonal differences between the boundaries of this relatively small basin warranted further examination of how typical 1% rainfall events' characteristics vary from west to east. Representative cases from Colorado Springs (located at the westernmost point of the basin, on the lee-side foothills of the Rocky Mountains, at an elevation of 1839 meters) and Fort Smith (located on the eastern border of the basin at just 141.1 meters above sea level) were chosen by determining the 1% rainfall event for each location that exhibited characteristics most similar to the location's average event magnitude and sounding parameters in Table 8 .
Colorado Springs Ideal
Case. The representative 1% case chosen for Colorado Springs yielded 63.2 mm of rainfall on June 27, 2004, which is only slightly less than the average event magnitude of 68.93 mm. Colorado Springs experienced all of its 1% rainfall events between the months of April and September. Therefore, late June is the true median of the heavy rainfall season at this location ( Figure 6(a) ). This event was classified on the synoptic-scale as a 500 mb ridge axis event and on the mesoscale as an MCS, which are the most common patterns found at this location (Tables 3 and  5 ). The PWater for this event was measured at 23.88 mm, which is nearly consistent with the average location value of 24.6 mm. Statistically, this value is between the 75th and 99th percentile of PWater values from soundings at this time of year. This makes it an exceptionally high value but not necessarily considered as extreme as the 24-hour rainfall. The LCL, MLMR, WCD, and the freezing level observations were also very close to the calculated average values (Figures 6(b 
Colorado Springs is a unique location in the basin because it is the only chosen site where precipitation-generating events (convective, frontal, tropical, etc.) are altered by orography [38] . Numerous studies and reviews on orographic precipitation agree that heavy rainfall in mountainous areas is commonly observed with a 500 mb ridge just to the east of the incident area [3, [39] [40] [41] . The synoptic setup allows for slow-moving storms due to the weak upper level flow associated with ridging patterns. In addition to the synoptic environment, a variety of mesoscale flow patterns and circulations have been identified to generate long-lasting heavy precipitation events along the Front Range. The presence of a moist, easterly low-level jet has been documented by previous studies in Big Thompson, CO [40] [41] [42] , during the Mesoscale Alpine Program [43, 44] and in the northwest Mediterranean area [45] . The zonal low-level jet transports moist, unstable air that converges with southerly synoptic flow along the mountain slopes. Another notable orographic mesoscale feature is a cyclonic circulation that can form on the south side of the Rockies as a result of these lowlevel flows and convergence zones [8, 45, 46] . Rotunno and Houze [44] emphasized the need for in-depth mesoscale analysis simply because flows modified by orography can alter the precipitation yield and its spatial distribution. Further research could be achieved through reanalyses focused on event features such as advection, upslope, and downslope flows [47] or how rainfall intensity is correlated with humidity anomalies and low-level mesoscale flows [48, 49] . A better understanding of these events, specifically their fundamental mesoscale processes, could improve forecasting and model guidance for orographically enhanced rain events in the populated, mountainous portion of the basin [38, 50] . [18] . Thus, this event was classified as stratiform on the mesoscale. Table 3 shows that the positively tilted trough is the most prominent synopticscale forcing mechanism observed at Fort Smith for 1% rainfall events. The PWater observed in the sounding for this event was 39.7 mm which was slightly less than the location average of 42.68 mm, but still between the 99th percentile and maximum PWater value in the climatology for the Little Rock, AR, upper-air site for that time of year. Even though this was a cold season event, the low LCL, deep WCD, and high freezing level, combined high PWater values (Figure 7 ), allowed for a significant rainfall event occurring at the easternmost location in the basin. The representative cases for the westernmost and easternmost locations in the Arkansas-Red River Basin are inherently different not only quantitatively but in the types of atmospheric forcings driving these 1% rainfall events. In a study of extreme rain events by Schumacher and Johnson [18] , it was found that summer-time events are typically the result of MCS moving over a particular location. The results at Colorado Springs directly support this finding in the sense that all of the 1% rainfall events occur in the warm season and the prevailing mesoscale feature was in fact the MCS. Schumacher and Johnson [18] further note that cold season rainfall events are typically synoptic systems enhanced by a strong baroclinic zone. This finding was also supported by the results from the representative case study at the Fort Smith location. A strong, low-level baroclinic zone was present over Fort Smith the morning of the event, with the LLJ present at 850 mb. The LLJ served as a mechanism to transport moisture from the Gulf of Mexico.
The results of this study yielded that cold season 1% rainfall events only occurred in the eastern portion of the basin (Table 7) which could be the reason for the larger range of PWater values in the east in comparison to the western portion of the basin. This is due to the available transport mechanisms in place for locations to receive necessary moisture, despite it being the climatologically drier months of the year. The western portion of the basin's 1% events is confined to the warm season months due to the absence of this strong baroclinic zone and lack of moisture transport from the southern plains LLJ as seen in the east.
Oklahoma City Ideal
Case. While west to east differences are intriguing, it is also important to note the findings in the transition zone between the Rocky Mountains and the lowlying eastern portion of the basin. Oklahoma City was chosen due to its metropolitan location in the heart of the ArkansasRed River Basin. The most prominent synoptic feature at this location was the positively tilted trough, similar to the pattern found in Fort Smith. This upper-atmospheric pattern accounted for 7 of the 16 total 1% cases and also was the direct forcing in the "ideal" case for Oklahoma City on June 14, 2010, that produced 193.5 mm of rain and significant local flash flooding. On the mesoscale, seven of the total cases were the result of MCS, similar to the mesoscale patterns found at Colorado Springs. However, some of the greatest rainfall events for Oklahoma City came from the stalling of an outflow boundary, as well as the inland reintensification of Tropical Storm Erin.
The June 14, 2010, event, fueled by a stationary convective outflow boundary, contributed to the rainiest 2-day period in Oklahoma City history [51] . The measured PWater was near the top of all values for the 1% cases, reaching a maximum value of 54.79 mm. This value statistically lies between the 99th and maximum percentiles for OUN upper air at this time of year. While it was expected that the highest magnitude events would have the highest CAPE, some events had extremely high CAPE while many had 0 J/kg of CAPE. This case in particular had unusually high CAPE value of 1924 J/kg, unlike most other cases at any location in the basin. It is important to note that the -Index was high, as expected, since this was a predominately convective event. The moisture was advected from the Gulf of Mexico by the LLJ which served as a type of atmospheric river from the Caribbean called the "Maya Express" [52] . This resulted in moisture convergence along the outflow boundary, prolonged convection, and approximately 200 mm of rainfall [51] .
On August 19, 2007 , Tropical Storm Erin reintensified over the Oklahoma City area producing 97 mm of rain. Erin reintensified over land due to a large amount of evapotranspiration caused by heavy rainfall followed by a warming trend in the prior weeks. On the day of the event, the LLJ interacted with a strong low-level baroclinic zone, fueling the rapid intensification of the cyclone. Interestingly, Tropical Storm Erin recorded a lower surface pressure over land than what was recorded over water during its life cycle [53] . The observed PWater value was the most extreme of all the 1% cases, reaching a value of 58.58 mm, which statistically lies between the 99th and maximum percentiles on the PWater climatology. Similar to the June 14, 2010, case, Erin's reintensification had high MLMR and -Index values as well as the influence of the LLJ. 
Conclusions
Many conclusions can be drawn from the accumulated datasets and analyses, but a few key findings were proven to be the most profound:
(1) It was expected that the PWater value would increase as a function of event magnitude at all locations. The study found that a range of PWater values exists for 1% rainfall events of roughly the same magnitude at a given location. Thus, while a weak positive correlation exists between the magnitudes of the two variables, the stronger relationship between the magnitudes of the precipitation event was associated with the departure from climatology at that time of year for each location.
(2) The magnitude of CAPE had little to no correlation with rainfall yield for any given event. At least one 1% rainfall event at every location experienced an event where 0 J/kg was measured, whereas other events measured CAPE upwards of 1000 J/kg.
(3) The minimum threshold for an event to be considered a 1% rainfall magnitude increased spatially from the westernmost to the easternmost location. This was expected as the precipitation gradient increases from west to east in the Arkansas-Red River Basin.
(4) Warm season 1% rainfall events were documented at all eight locations in the basin and were a result of the mesoscale processes that drive convective rainfall. Cold season 1% rainfall events only occurred at the easternmost locations in the basin and were nearly all classified as synoptically forced stratiform rainfall.
(5) WCD increased zonally from west to east at locations across the basin. The shallowest depths were measured in the west and deepest warm clouds in the east. It appears that this is due to the spatial availability of moisture as well as the difference in elevation between stations in the east and west. Eastern locations are located at a lower elevation and thus have larger WCD.
(6) The average observed freezing level for all 131 cases in the basin was 614.7 mb. Unlike the other thermodynamic parameters, there was little east to west variance in the average freezing level observed at each location in the basin.
(7) The LLJ was identified as a low-level forcing at the 850 mb level in one-third of all the cases examined.
(8) MLMR values varied greatly for 1% rainfall events at each location in the basin. It appears that this variable was strongly dependent on the time of year and available moisture in the atmosphere.
The ultimate goal of this research was to further the endeavors of forecasting heavy precipitation events that could result in flash flooding of areas in the Arkansas-Red River Basin. This climatological analysis of heavy precipitation events will provide forecasters with a readily available compilation of upper-atmospheric patterns and attributes of thermodynamic profiles specific to a location in the basin that are conducive to these extreme events.
